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FOREWORD 

This  is  the  final  technical  report  on  an  analytical  and  experimental  investiga¬ 
tion  of  the  Rotor /Wing  concept.  The  discussion  concentrates  on  the  results 
of  the  most  recent  studies  and  summarizes  the  current  technology  --  espe¬ 
cially  that  associated  with  the  transition  between  the  helicopter  and  the  air¬ 
plane  flight  modes 
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SUMMARY 

The  Rotor/Winp  represents  a  unique  concept  for  hiph-speed  VTOL  aircraft 
employing  the  stopped  -  rotor  configuration.  This  concept,  oripinatinp  at 
Huphes  Tool  Company  -  Aircraft  Division  in  196d,  uses  a  larpe  -  cento  r  body 
winp  in  conjunction  with  three  blades  to  provide  lift  in  the  VTOL  flipht  modi' 
in  the  conventional  helicopter  manner.  Durinp  the  airplane  mode,  the  winp 
and  blades  are  stopped  and  locked  to  the  fuselape  to  form  a  modified  delta 
planform.  No  blade  foldinp  or  rotor  retractinp  mechanisms  are  employed; 
only  liphtweipht  retractinp  fairinps  are  used  to  provide  a  clean  confipuration 
for  c  raise. 

Eleven  series  of  wind  tunnel  tests  and  two  whirlstand  tests  have  been  com¬ 
pleted  durinp  the  research  propram.  These  tests  have  investipated  the  aero¬ 
dynamic  characteristics  of  blade  airfoil  section  and  winp  planform  shape  in 
hover  and  airplane  flipht.  The  most  promisinp  confipuration  from  these  pre¬ 
liminary  tests,  from  a  performance  viewpoint,  was  selected  for  investipation 
of  the  dynamic  behavior  of  the  Rotor/ Winp  in  the  several  flipht  modes. 

AERODYNAMIC  PERFORMANCE 

As  a  result  of  this  research,  the  basic  parameters  that  after  vehicle  perform¬ 
ance  are  well  understood.  Lift  and  drap  characteristics  can  be  predicted  for 
the  airplane  flipht  mode  for  small  chanpes  in  Rotor/ Winp  peometry.  The 
effects  of  compressibility  are  included  in  the  prediction  techniques.  The 
power  required  to  produce  lift  in  the  hover  mode  has  been  verified  by  tests. 
Apain,  the  effects  of  chunpmp  planform  shape  i  an  be  predicted  by  topical 
ana  lysis. 
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PROPULSION 

The  prediction  technicpu-  fur  rotor  power  available  is  li.isrd  on  Ihe  successful 
techniques  used  during  the  XV- VA  research  ludicopier  proem  m.  These  ana - 
lytical  technicpies  have  be  n  refined  to  include  both  tin-  hot-cydc  system, 
where  the  eases  used  to  drive  the  rotor  are  fr<  m  a  core  enyinc.  and  the 
warm-cycle  system,  where  both  primary  eiiyine  and  bypass  eases  are  used. 
The  propulsion  system  lossi-s  are  readily  predictable  and  elTii  iencies  .ucu- 
rately  estimated.  The  prediction  of  thrust  available  in  the  i  raise  mode  is 
based  on  enyme  manufacturer's  estimates  and  follows  the  identical  methodol- 
oey  found  in  conventional  airplane  desien. 

STABILITY  AND  CONTROL 

The  control  moments  produced  by  the  Rotor/Winy  blades  during  helicopter 
operation  are  predictable.  The  horizontal  tail's  churacterist  ics  ,  in  the  down- 
wash  field  behind  the  winy,  are  understood  for  the  winy  pi. inform  shapes  m 
vestiyated  in  the  wind  tunnel.  Lateral  -directional  static  stability  char. u  (er¬ 
istics  are  readily  predictable  usiny  data  developed  durimj  the  test  pmyr.tm 
to  size  the  vertical  tail.  Stability  and  control  characteristics  are  sensitive  to 
small  chanyes  in  planform  yeoim  try,  and  predicted  char.u  tcristu  s  for  a  final 
desiyn  configuration  must  be  verified  by  additional  ii-stmy. 

DYNAMIC  LOADS 

A  l/7th-scale  mode!  was  desiyiu-d  to  be  dynamn  illy  similar  to  tin-  lluyhes 
Composite  Research  Aircraft.  When  constructed,  the  bladt  -root  i  b  si  b: .  -,ty 
did  not  truly  represent  what  could  be  .uhu-\ed  :n  a  full  -i  .D<  \eho  .  .  \s  a 
result,  the  model's  resonance  chu  mote  r  1  st :  i  >  d. .  not  d  upi  1 1  a  t  <  th<  n  -n  nice 

characteristics  predicted  for  a  lull-si.  ib  .iiinr.ilt.  and  n  .-..mint  .imt>!  il;<  -il  mn 
of  loads  occurs  ,il  undc.sirahlr  r  ot  o  r  s  peed  s  .  \  n  a  n.i  1  \  t  .  i  a  li  i  Imiyii  w.e  used 

to  account  for  resonance  -  anipl  i  l  ie. 1 1  nm  of  loads  me.isur.  <1  durimj  w  nd  tuma 
tests  of  the  transition  I'liylil  mode. 
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Th  i  niiMSiirL'd  blade-rout  loads,  corrected  for  resonance  amplification,  .ire 
higher  than  predicted  or  anticipated.  Cyclic  flapwi.se  bendimt  is  d .  5  limes 
anticipated ,  blade  cyclic  torsion  is  a'mosl  3  times  the  predicted  level,  and 
chordwise  bendimt  is  1  .  9  times  the  scaled  CRA  desutn  level.  The  total  tran¬ 
sition  envelope  was  not  investigated  because  hiqh  loads  encountered  at  advance 
ratios  between  0.  d5  and  0,  SV  miitht  have  endannered  the  model. 

It  is  possible  that  the  loads  measured  durinu  the  last  tests.  Series  XI.  are 
inaccurate.  Certain  harmonic  components  of  the  measured  loads  slope  the 
wronq  way  when  plotted  aqainst  rotor  speed.  Agreement  between  the  two 
dynamic  model  tests,  Series  IX  and  Series  XI,  is  erratic.  Yet  the  last  test 
is  very  consistent  within  itself  and  the  Rotor/ Wine  loads  aitree  well  with  those 
measured  on  the  concept  model.  Series  X,  at  infinite  advance  ratio  where 
structural  dynamics  of  the  models  do  not  enter  the  situation.  Clearly,  it  is 
not  possible  to  base  design  information  on  what  appears  to  be  a  low  predicted 
level  of  endurance  loads,  yet  the  measured  loads  appear  to  be  unrealistically 
h  i  qh . 

At  this  stai*o  of  concept  development,  aerodynamic  and  propulsion  performance 
and  stability  and  control  have  been  adequately  defined.  The  prime  concern 
now,  once  the  cyclic  load  level  has  been  verified,  is  to  find  an  operating 
technique,  a  schedule  of  control  unities,  or  a  Rotor/Winq  structural  definition 
that  will  minimize  blade  loads  and  avoid  a  larqe  structural  weiqht  penalty. 
Additional  dynamic  -  mode  1  tests,  parallel  with  analytical  studies,  are  recom¬ 
mended  to  achieve  this  qoal. 
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DESCRIPTION  OF  THE  ROTOR  /  W  INO  CONCEPT 

The  Hot  Cycle  Rotor/Wimt  is  a  unique  concept  fur  hiitli  -  speed  VTOEain  raft 
that  promises  the  .advantages  of  the  helicopter  lor  low -speed  flight  combined 
with  the  hijth- speed  capability  and  cruise  efficiency  of  the  let  airplane.  The 
Rotor/Winp  consists  of  a  larpe  hub  and  three  .short,  wide-ihord  blades.  It 
functions  as  a  tip -jet-powered  helicopter  rotor  for  \ertual  and  low  -speed 
fli.pht  and  stops  in  flight  to  become  a  fixed-v.inc  for  cruise,  The  fundamental 
compromise  associated  with  the  Rotor  /  \V  me  concept  is  between  the  innllictimt 
recpiirements  of  fixed-winit  and  rotary -wine  flight  modes. 

The  center  of  a  rotor  disc  is  a  reuion  that  produces  little  lift.  The  inboard 
dO  percent  of  a  typical  blade  may  produce  only  S  percent  of  total  lift,  and  the 
drap  associated  witli  the  hub  and  blade  shanks  m  tins  center  region  is  usually 
a  larpc  portion  of  total  parasite  drap.  The  Rotor /Whip  concept  utilizes  this 
inefficient  repion  of  the  rotor  disc  to  provide  a  hftinp  surface  for  the  stopped- 
rotor  flight  mode.  The  requi  rcmenls  for  the  stoppi  d  -  rotor  mode  are  that 
this  center  surface  be  as  lurpe  as  possible,  so  that  conversion  to  airplane 
flipht  can  be  made  at  low  flipht  speed.  The  helicopter  mode  requires  ti.al  lift  - 
producing  blades  sweep  as  much  of  the  disc  as  possible.  These  lonlTictinp 
requirements  are  depicted  praphicaliy  m  Future  1, 

The  hot  i /.onta  I  scale  of  this  future,  blade-root  t..  blade  tip  radius  ratio,  rep¬ 
resents  the  confiitur.il  ive  iti'imniry  of  tin  Rot..r  Whip.  Th<  bit  band  --ide 
represents  a  typical  helicopter  con  IT  a  u  r  a  t  uui .  that  is.  then  m  utih  a  very 
s  ilia  1 1  ci’ nti-  r  body  and  f  In  1  ota  1  d  l  s  i  h  mu  mI  In  lilt  •  nr.'iih  m..'  hlail.  ^  'Hu 
ripht-hand  side  depicts  the  opposite  extreme,  the  .  ■  n  t’ :  u  r.i  1 1  on  : i  .•  ,u  :  1  a  1  e  ra  1 
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Figure  1.  Conflicting  Helicopter  and  Airplane  Flight  Requirements 


triangle  inscribed  within  the  circular  disc  and  there  art.-  no  lilt-producing 
blades.  These  margins,  then,  represent  the  two  conflicting  requirements, 
helicopter  on  the  left  and  airplane  on  the  right. 

The?  Rotor/ Wing's  lifting  ability  is  depicted  on  the'  vertical  scale,  which  may 
be'  cither  gross  weight  in  pounds  or  disc  loading  in  pounds  pe  r  square  loot  of 
disc  area.  The  diagonal  curve,  downward  to  the’  right,  represents  the  lifting 
abi'ity  in  hover  flight  for  eemstunt  installed  power.  The  larger  the1  blade  span 
in  preiportion  to  the  total  radius,  the'  larger  the  weight- lifting  capacity  during 
the  hover  modi'.  As  the  center  -  surface  (wing)  area  increase's  and  blade-  span 
decreases,  the  hover  lifting  ability  decreases  --  gradually  at  first,  when  the1 
wing  utilize’.-;  the  ineTf  i  r  ient  d  isc  ceuiter,  but.  the  curve'  heroine's  steeper  until, 
at  Uie  right-hand  margin,  no  lift  can  be'  preiduced  by  the  bladi'less  eupii  late' ra  1  - 
tr  1  angle  eionfigurati on. 
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The  upward  sloping  curve  is  determined  by  the  lifting  ability  of  the  centerbody 
surface  during  the  minimum  -  speed  stopped -rotor  mode.  At  the  left  margin, 
there  is  no  surface  area  to  produce  lift,  but,  as  the  surface  area  increases, 
the  lifting  ability  in  this  mode  increases  rapidly.  'Inese  two  lines  represent 
limits  of  the  conflicting  requirements  above-  which  the  Rotor/ Winy  concept 
cannot  operate. 

The  configuration  with  the  largest  lifting  ability  and  within  the  constraints 
imposed  by  these  requirements  lies  at  the  intersection  of  the  two  curves. 

This  apex  lies  between  configurations  with  1  /R  ratios  of  0.  5  and  0,  (>,  with 
lifting  ability  approximately  two-thirds  of  that  attained  by  a  conventional 
rotor.  Tlie  exact  location  of  the  apex  depends  upon  the-  power  installed,  the 
hover  atmospheric  conditions,  the  blade  chord,  and  the  speed  selected  for 
minimum  s  topped  -  rotor  flight. 

ROTOR/ WING  OPERATION 

Figure  d  shows  the  opera  tint;  diagram  for  the  Rotor/Wine  concept.  The  upper 
left  corner  represents  hover,  at  a  rotor  tip-speed  of  7  00  feet  per  second. 

The  lower  right  corner  represents  airplane  flight  with  the  Rotor /Wine  slopped 
and  locked  to  the  fuselage  at  dOO  knots.  The  essential  feature  ot  the  concept 
is  that  there  is  some  reasonable  path  between  those  two  operating  points  that 
can  be  followed  in  a  logical  manner.  The  path  shown  on  Figure  d  was  derived 
to  avoid  the  high  blade-tip  dynamic  pressure  th.it  <  ceurs  in  the  upper  right 
corne  r . 

In  operation,  ihe  Rotor/Wing  aircraft,  takes  off.  hovers,  and  Hies  at  speeds 
up  to  approximately  100  knots  in  the  helicopter  mode,  with  the  rotor  powered 
by  its  tip  jets  at  constant  tip-speed.  Aircraft  control  is  troni  rotor-blade 
cyclic  and  collective  pitch,  plus  the  yaw  fan  in  the  tail.  This  operation  is 
depicted  by  the  horizontal  line  at  constant  7  00- foot -per  -  second  tip-speed, 
ending  at  an  advance  ratio  of  0.  2F 
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FORWARD  FLIGHT  SPEED,  V  -  KNOTS 
Figure  L.  Rotor/ Winy  Operating  Diagram 


Flight  speed  is  further  increased  by  shifting  power  from  the*  rotor  to  either 
jet  nozzles  or  to  tip  turbine  cruise  fans  to  produce  forward  thrust.  The  exact 
details  and  schedule  of  this  operation  depend  on  the  configuration;  however, 
the  power  transfer  from  one  system  to  the  other  will  be  a  two-step  sequence. 
Tlie  gas  flow  from  one  engine  (twin -engine  configuration)  will  be  diverted  to 
the  thrust-producing  device,  initially.  After  rotor  speed  has  stabilized  at 
approximately  85 -percent  of  that  used  as  a  helicopter  and  the  aircraft  has 
accelerated,  the  gas  from  the  remaining  engine  will  be  diverted  from  the 
rotor.  This  mode,  labeled  semiautogyro  on  the  figure,  is  not  true  autorota¬ 
tion,  because  power  is  supplied  to  drive  the  rotor  directly.  Aircraft  control 
is  by  rotor  cyclic  pitch  augmented  by  the  control  surfaces  and  yaw  fan  at  the 
tail.  The  pilot's  authority  over  blade  pitch  is  gradually  diminished  until,  at 
an  advance  ratio  of  1.  00,  vehicle  control  is  provided  exclusively  by  the'  tail 
surfaces.  Rotor  deceleration  during  the  sequence  from  3-10  feet  per  second 
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to  zero  is  provided  by  both  aerodynamic  torque  and  rotor  braking.  A  locking/ 
indexing  mechanism  must  be  provided  to  position  the  Rotor/Wing  for  the  air- 
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DESCRIPTION  OF  THE  ROTOR/ WING  PROGRAM 

The  purpose  of  the  Rotor/ Winy  research  program  has  been  to  develop  the  ana¬ 
lytical  techniques  that  can  be  used  to  predict  basic  loads  on  vehicle  components 
and  predict  vehicle  performance,  stability,  and  controllability.  The  program 
has  followed  the  classic  formula  for  research  activities  --  develop  a  theory, 
conduct  tests  to  verify  the  theory,  and  develop  an  analytical  mode!  of  the 
vehicle  based  on  the  verified  theory.  The  flow  diagram  for  this  technical 
approach  is  shown  schematically  in  Figure  3. 

Historically,  the  first  questions  to  be  answered  about  the  Rotor/ Winy  concept 
concerned  hoveriny  performance.  Helicopter  theory  predicted  acceptable 
hover  performance,  even  with  a  50-percent  ccnterbody;  however,  the  sym¬ 
metrical  double-ended  blades  presented  some  analytical  uncertainty.  The 
first  research  was  conducted  on  the  whirlstand  at  HuyheS  to  answer  some  of 
these  questions.  This  test,  Whirlstand  Series  I,  was  started  late  in  1963,  as 
shown  on  the  chart  of  Figure  4.  This  test  compared  three  ccnterbody  shapes 
and  three  double-ended  symmetrical  airfoils  with  a  conventional  helicopter 
rotor  equipped  with  0015  blades.  These  models  were-  pneumatically  driven  by 
compressed  air  expelled  from  tip  nozzles;  construction  was  carved  mahoyany 
over  a  steel  frame.  Essentially,  this  test  confirmed  the  helicopter -based 
hoveriny  theory  after  suitable  adjustments  and  factors  were  included  for  the 
Rotor  /  W  iny  confiyuration. 

With  tile  ability  to  predict  hoveriny  performance  confidently  established,  the 
next  task  was  to  measure  the  forces  and  moments  on  a  Rotor/ Winy  confiyura¬ 
tion  duriny  stopped  -  rotor  forward  -  fl  iyht  operation.  This  would  establish  the 
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two  corners  of  the  operational  envelope  shown  in  Figure  d.  The  Series  I 
wind-tunnel  test  used  two  of  the  models  developed  for  the  whirlsland.  These 
models  were  tested  in  the  low-speed  tunnel  at  the  Naval  Ship  Research  and 
Development  Center,  at  various  rotor  u/,imuth  positions,  with  and  without 
blades,  but  without  a  fuselage.  As  far  as  can  be  determined,  these  were  the 
first  tests  of  this  kind  ever  made. 

The  Series  II  and  Series  III  tests  were  conducted  to  establisn  data  within  the 
operational  envelope,  and  to  demonstrate  the  stopping  and  starting  of  the  rotor 
by  aerodynamic  force.  This  test  was  moderately  successful;  only  n  *  an  forces 
and  moments  could  be  measured  on  the  tunnel's  mechanical  balance.  Internal 
friction  within  the  model's  drive  system  was  larim  compared  with  aerodynamic 
torque;  thus,  the  rotor-turnini;  performance  data  was  subject  to  the  small 
difference -of-largo -numbers  type  of  'orur.  The  fusclaue  ut  this  model  wis 
designed  to  house  the  model's  mechanical  components,  vc  1th  little  attention 
jjivcn  to  fairing  and  streamlining. 

After  analysis  of  tin  i  s  test,  it  was  apparent  that  the  Rotor/Wmu  confiuu  ration 
would  evolve  with  tapered  blades  rathe  r  than  with  the  straight,  untape  red 
blades  already  tested.  This  was  due  to  several  factors:  tin-  first  was  to  pro¬ 
vide  the  space  to  pass  larpe  amounts  of  eas  through  the  round  lealhertne  bear¬ 
ing  at  the  blade  root.  This  makes  a  larue  root  chord  access  ry  s  that  . 
moderate  thickness  ratio  is  achieved.  The  second  factor  was  structural, 
tapered  blades  and  tapered  wimjs  are  lighter  than  straight  confi.  uralmns.  At 
this  point,  the  straight-blade  concept  was  abandoned  in  favor  of  the  tapered 
design  currently  beine  considered.  It  was  also  reali/.cd  that  the  trisci  t ■  ■  r 
eenterbody  planform  shape  tested  previously  offered  no  real  aerodynamu 
advantage  in  any  flight  mode  over  a  triangular  shape,  and  tin  triancle  im.fiuu 
ration  offered  simplified  structural  desiun  and  easier  m.mufai  lure. 
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One  penalty  paid  Lor  the  Rotor/ VVinu  configuration  is  the  extremely  long  fuse¬ 
lage  that  places  the  cockpit  forward  of  the  rotor  disc.  This  long  fuselage  is 
used  to  fair  the  forward  blade  during  airplane  mode  flight  and  it  makes  the  use 
of  ejection  seats  for  the  cockpit  crew  practical.  However,  the  fuselage  volume 
immediately  behind  the  cockpit  cannot  be  used  for  disposable  loads,  because 
of  center-of-gravity  travel  restrictions.  Essentially,  the  cockpit  module  is 
on  the  end  of  a  cantilever  beam,  and  the  penalty  paid  is  one  of  structural 
weight.  Several  designs  have  been  considered  that  feature  a  short-nose  con¬ 
figuration  with  an  unfaired  forward  blade.  Esthetically,  these  snort-nose 
configurations  leave  something  to  be  desired,  but  the  possible  weight  saving 
of  this  arrangement  could  not  be  ignored.  The  primary  purpose  of  the  Series 
IV  wind-tunnel  test  was  to  measure  the  aerodynamic  performance  of  two 
short-nose  configurations  and  compare  with  that  obtained  on  a  conventional 
long -nose  model.  This  test  was  conducted  at  the  Douglas  Company's  small 
tunnel  in  Long  Beach,  California,  with  a  model  of  nominal  1 /30th- scale. 

The  small  scale  of  the  models,  plus  the  slow  tunnel  speed,  resulted  in  a  low 
Reynolds  number,  so  that  absolute  numerical  values  of  drag  were  question¬ 
able.  However,  on  a  comparative  basis,  the  long-nose  configuration  showed 
considerable  favor  over  the  two  short-nose  arrangements.  Additional  tests 
confirmed  that  differential  horizontal  tail  incidence  could  be  used  for  roll  con¬ 
trol  so  that  blade  incidence  during  conversion  could  be  determined  by  other 
criteria. 


The  Series  V  model  was  designed  for  high-speed  testing  in  the  transonic  tun¬ 
nel  at  NSRDC.  This  test  was  designed  to  verify  performance  estimates  at 
low-speed,  plus  indicating  the  Mach  number  where  drag  rise  could  be  expected. 
In  addition,  the  characteristics  of  a  low-mounted  horizontal  tail  were  needed 
to  determine  longitudinal  stability  characteristics.  There  was  some  concern 
about  the.'  engine  inlet's  effect  on  drag  during  earlier  preliminary  design 
studies,  so  an  internal  duct  through  the  model  was  used  to  simulate  internal 
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engine  airflow  during  testing.  This  cjiiiprchcnsivu  series  included  lateral 
and  directional  stability  tests  along  with  the  usual  pitch  tests  at  a  series  of 
Mach  nurnbe-s  up  to  M  -  0.  90. 

This  test  uncovered  what  was  thought  to  be  a  later.il/directional  stability 
problem  at  high  angles  of  attack.  Typical  of  highly  swept  configurations, 
static  stability  was  lost  as  the  nose  was  raised  through  %  -  IS  degrees.  Time 
did  not  permit  detailed  investigation  of  this  undesirable  characteristic  until 
much  later  in  the  program,  when  the  Series  V!  I  tests  were  conducted  specifi¬ 
cally  to  investigate  lateral  /directional  stability  at  high  angles  of  attack. 

In  the  mean  time,  there  was  some  concern  over  the  effects  of  tunnel  wall  on 
the  large  models  tested  during  Series  I,  Series  II,  and  Series  III.  These 
models  were  extremely  large  for  the  tunnel  test  section;  mode!  rotor  diameter 
was  more  than  7  ft  •'  and  test  section  width  was  only  10  feet.  No  corrections 
had  been  made  to  these  test  data,  so  the  validity  of  these  tests  was  questionable 

An  opportunity  to  test  in  the  full-scale  tunnel  at  the  Langley  Research  Center 
was  available  in  1916.  This  made  it  possible  to  repeat  some  of  the  earlier 
tests  so  that  a  comparison  of  data  obtained  in  the  two  tunnels  could  be  made. 
The  model  installation  at  Langley  required  that  the  strain -gage  balance  and 
some  of  the  hydraulic  plumbing  be  installed  immediately  below  the  model, 
where  its  interference  effect  on  the  models  could  be  significant  yet  could  not 
be  measured  by  the  usual  strut  interference  tests.  The  result  was  that  drag 
data  could  not  be  presented  in  the  final  report  of  those  tests.  However,  the 
performances  of  three  Rotor/Wing  planform  emnli  gu  rat  i  mis  were  compared. 
There  appeared  to  be  no  significant  diffcreiio  betut  on  a  triangle  wine  with 
tapered  blades  and  tin-  previously  tested  trisei  tor  wing  with  straight  blades. 

The  third  configuration,  called  a  tricusp,  was  interior  in  t ! ;  ■  important  rotor¬ 
turning  flight  modes. 
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Thi'  seventh  series  of  tests  was  conducted  to  invesliyale  the  lateral /direc  - 
tional  stability  problem  discovered  during  the  Series  V  tests  and  mentioned 
earlier.  Various  "fixes"  were  tried,  without  ureal  success;  the  best  solution 
was  to  raise-  the-  vertical  tail  heiyht.  This  cun  li  para  lion  maintained  lateral 
and  directional  stability  to  considerably  hiyher  anyles  of  attack  than  the-  basic 
configuration,  which  bec.inn-  directionally  unstable-  at  ci  -  10  decrees. 

The  Series -VIII  tests  were  desiyned  to  investigate-  the  conversiein  maneuver 
at  advance*  ratios  above  1.  0.  Usiny  the  1 /Tth-se-ah*  Concept  model  teste-d 
previously,  the  followiny  lechnoloyy  was  established, 

c  The-  centerbody  winy  provides  the*  major  portion  of  vehicle  lift 
duriny  the  slowly-turniny  rotor  fliyht  mode;  however,  the  blades 
cause  70  percent  of  the  3-per-rev  rotor  oscillatiny  moments. 

o  B|  -cyclic  pitch  can  be  useful  to  reduce  these  moments;  however, 
cyclic  pitch  was  ineffective  in  produciny  steady  moments  on  the 
model.  Thus,  cyclic  pitch  is  to  be-  used  to  reduce  oscillatiny 
loads  and  not  as  a  vehicle  control  parameter. 

The  tenth  series  of  wind-tunnel  tests  was  essentially  an  extension  of  the  eiyhth 
series,  in  that  the  hiyh-advance  -  ratio  reyion  of  conversion  was  investiyated. 
Ayain,  collective  flaps  were  used  to  improve  the  shaft  cyclic  stress.  These 
flaps  were  considerably  improved  aerodynamically  over  those  tested  earlier, 
and  the  confiyuration  was  practical  from  a  full-scale  desiyn  standpoint,  The 
center-of-pressure  did  move  rearward  toward  the  rotor  center;  however,  the 
total  shift  was  not  as  larye  as  anticipated.  Some  residual  1-per-rev  stress 
level  was  measured,  reyardless  of  flap  confiyuration  or  deflection.  The  re¬ 
sult  is  that  flaps  were  not  recommended  for  further  study  because  the  weiyht 
penally  of  flaps  and  their  mechanism  and  actuators  far  exceeds  the  penalty 
involved  in  buildiny  a  stronyer  rotatiny  shaft  and  beariny. 


1  S 
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The:  cyclic  pitch  matrix  run  at  infinite  advance  ratio  was  the  first  of  its  kind 
performed  in  a  systematic  manner.  Bj  -cyclic  pitch  does  reduce  the  3-per- 
rev  pitch  and  roll  moments  to  zero,  hut  not  at  the  same  time.  A  compromise 
schedule  of  B]  and  3  has  been  worked  out  that  minimizes  both  these  moments 
to  easily  acceptable  levels.  The  penalty  paid  for  minimizing  these  oscillations 
is  reduced  lift.  In  order  to  maintain  1  -  y  lift,  the  ancle  of  attack  must  be  in¬ 
creased,  which  in  turn  raises  induced  drait.  induced  drat:  is  further  increased 
as  a  result  of  the  narrow  effective  span  loadinu  obtained  when  13]  unloads  the 
lateral  blades. 

Tlie  Series  IX  and  Series  XI  Rotor/ Wine  w  ind  tunnel  tests  were  conducted 
usinj;  tl  dynamically  scaled  model  in  the  N5RDC  H-by  10- foot  tunnel.  The 
purpose  of  the  Rotor/Winy  dynamic  model  research  program  is  to  further 
validate  the  technical  adequacy  of  the  concept  and  system  itical  ly  identify 
potential  problem  areas,  in  a  program  continuing  the  i nve s ti  ua  tion s  bejpm 
with  the  Rotor/Wint;  concept  model. 

Any  model  of  the  proper  geometric  scale  car.  produce  d.it.i  on  the  external 
aerodynamic  characteristics  of  the  Rotor/Wine.  but  also  a  paramount  interest 
in  studying  tlie  appl  ica  oil  i  ty  of  the  concept  is  obtaining  a  uuod  idea  of  the 
structural  dynamics  of  the  Rotor/Wine  tliat  accompany  the  ae  r  ml  yn.un  i  c  s  .  It 
has  been  demonstrated  that,  for  conventional  helicopters,  the  equations  of 
motion  can  be  w'ritten  to  a  yood  enouyh  decree  of  acc  urac  y  th.it  they  can  be 
solved  by  an  electronic  computer  to  predict  the  .icrodynaniic  s  ,iiul  structural 
dynamics  emsely  for  low  advance  ratios.  This  should  also  he  true  for  the 
Rotor  /  Win  y ,  but  since  it  has  many  operational  features  that  .ire  different  from 
conventional  rotors,  some  assurance  of  the  accuracy  1  the  ei.mput.itioii.il 
methods  was  desired.  The  be s t  way  is  to  compare  analytical  studies  with  a 
dynamically  sealed  model.  The  dynamically  scaled  model  :s.  in  itseH.  an 
analott  computer  that  automatically  writes  and  solves  all  the  ipplir  iblc  equa¬ 
tions  of  motion  for  comparison  with  the  smution  .  >i  i  q  u.i  1 1  oils  written  for  an 
electronic  computer. 
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design.  Till-  model  was  imuinli'd  on  .1  eimbal  so  that  there  was  restrained 
irecdom  about  the  pitch  and  roll  axis  and  the  model  could  respond  to  moments 
in  these  directions.  (This  feature  has  proved  to  be  most  effective  in  demon¬ 
strating  oscillations  about  the  center  of  gravity.  This  amplitude  is  remark¬ 
ably  reduced  by  usinst  Rl -cyclic  blade  pitch,  as  shown  in  motion  pictures 
taken  during  the  test..  ) 

In  total,  five  distinct  wind-tunnel  models  have  been  constructed.  There  are 
one  l/30th-scale  airplane  model,  two  1  / 1  nth- sea  le  airplane  models,  and  two 
powered  l/7th-scale  models.  One  of  the  1  /  1  Slh- sea  le  models  was  tested  to 
M  -  0. 't  in  a  transonic  wind  tunnel  and  its  data  provide  the  basis  for  high¬ 
speed  flight  performance  analysis. 

The  l/7th-seale  Concept  model  was  used  to  investiunle  nonst  r  uctura  1  configu¬ 
ration  changes,  such  as  the  addition  of  flaps  to  the  wine  centerbody,  changes 
in  tail  location,  and  changes  ui  pylon  height  and  nose  configuration.  This 
ru<4”ed  model  is  powered  by  hydraulic  pressure  and  has  fully  actuated  controls. 

The  most  sophisticated  is  the  1 /7th- scale  dynamic  model,  which  lias  a  dynam¬ 
ically  scaled  wine  and  blade  structure,  .1  flexible  pylon  structure  of  varying 
stiffness,  and  powered  rotor  and  control  system.  This  model  is  fully  instru¬ 
mented  to  measure  1)1  ide,  pylon,  tail,  and  total  aircraft  loads  in  all  flight 
modes.  A  unique  feature  is  a  eimbal  mount  that  allows  the  model  to  pilch  and 
roll  during  various  tests  of  flight  mode  operation. 

Wind-tunnel  model  scale-,  tin-  test  series,  and  the  reference  when-  the  test  is 
reported  are  summarised  on  the  following  paye. 
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Model  Scale 


Test  Series 


1  /  30th  IV 

1/J5th  (Transonic)  V 

1/15  th  VII 

1  /7th  (Concept)  I,  II,  III, 

VI,  VIII,  X 

1/7 tli  (Dynamic)  IX,  XI 


The  two  whirlstand  tc‘sts  of  the  1  /7th- scale  Concept  model 
References  13  and  14. 


Reference 
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3 

4,  S 

6,  7,  8,  9, 

10,  11,  13,19 

Unpubl  i  s  hod 
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TECHNICAL  DISCUSSION 


GENERAL 

Tin-  sequence  ol  topics  presented  in  this  discussion  follows  the  dove lopimun 
sequence  ol  the  Rotor/ Winy  concept.  As  mentioned  previously,  the  first  con¬ 
cern  was  hover  performance,  followed  by  pi- rformar.ee  characteristics  in  the 
airplane  cruise  mode.  In  the  course  of  performance  testing,  deficient  static 
stability  characteristics  were  discovered,  which  were  subsequently  remedied 
during  the  course  of  further  testing.  The  area  of  current  immediate  concern -- 
dynamic  loads  on  the  Rotor/Winu  itself  --  was  the  subject  of  the  last  series  of 
tests,  and  is  presented  as  the  closing  topic  of  this  discussion. 

HELICOPTER  HOVER  MODE  ROTOR  POWER  REQUIRED 

The  total  power  required  to  drive  the  Rotor/Wimt  in  hover  is  divided  into 
three  parts  that  can  be  analyzed  separately.  These  are  induce.!  power,  pro¬ 
file  power,  and  the  power  required  to  drive  the  conic rbody-w  iny.  The  ana¬ 
lytical  methods,  as  well  as  the  whirlslancl  substantiation,  are  presented  in 
this  section. 


ROTOR-INDUCED  TORQUE 

The  Rotor/ Winy  configuration  has  a  larye  cenlcrbody  that  is  equivalent  to  a 
lar^c  root  cutout  in  a  conventional  rotor.  In  order  to  correctly  account  for 
this  cutout,  the  induced  torque  must  be  integrated  from  the  blade  root  radius, 
AR,  to  the  effective  tip  radius,  HR,  instead  of  die  usual  value  of  0  to  RF. 
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The  derivation  of  the  induced-torque  equation  used  in  the  Rotor/Win^  hover 
analysis  is  described  below;  it  follows  the  procedure  of  Reference  15. 


AR 


Integrating  this  equation: 


T  =  b  ~  -  ;/  R3  a  (6t  -  ;t)C  =  CT  ~  R“  f  R)Z 

w here: 

A  =  (blade  root  radius/tip  radius)  ratio 
B  -  the  tip  loss  factor 
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'  -  x  '  and  a  ■  x  5  ,  assuming  ideal  twist 

t  x  t  x 


then 
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Substitute  for  in  terms  of 
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Squaring  both  sides  and  canceling  terms 
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Q.  =  b  -j  p  w^R4  a  (B2  -  A2 )  (Q  -  0  )  0  cdx  -  C q.  ^  R“  p  (wft)"  R 
1  C.  t  t  t  M 1 


2  d 
(B  -  A  ) 

CQ,  =  j -  "a  («,  '  ®,.>  -  t 


Substituting  for  -  y)  and  5^  above 
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Canceling  terms 
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This  value  of  induced  torque  is  derived  assuming  ideal  twist  or  taper.  The 
table  on  pa g e  96  of  Reference  15  presents  a  correction  factor  to  be  used  to 
correct  the  induced  torque  for  combinations  of  taper  and  the  lack  of  twist. 
Typical  Rotor/ Wing  blades  have  a  d.  3:1  taper  ratio,  thus  a  factor  C,  of  1.  04 
is  added  to  the  induced  power,  resulting  in: 


C.  CTZ 
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or  ,  in  another  form : 
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PROFILE  POWER 

Thu  profile  torque  coeffit  ient  is  computed  using  the  basic  equation  (36)  on 
pa  ye  B3,  Reference  15,  written  in  a  slightly  different  form: 


The  values  of  5  are  given  by  the  NACA  polar,  which  is  based  on  conventional 
airfoils  such  as  an  NACA  0013  airfoil. 


0.  0087  -0.  0316a  + 


which  results  in 


/" 


0.0010875  -0.  003513  (CT/eBZ 


,CT/V  * 


0.  0487316 


The  solidity  used  in  the  above  equation  is  based  on  a  weighted  ef'ective  chord 
from  A  to  100-percent  reidius;  the  tip  loss  factor  13  of  0.  97  handles  the  tip  loss. 


The  weighted  effective  chord  is  given  by 


where: 


x 


r 

R 


<> 


be 
_ e 

t-R 


35 


MTC-AD  69- 1  ZA 


As  in  the  induced  power,  the  factor  for  pJanform  and  tv.  ist  c;  is  applied. 

The  draq  polar  used  in  the  profile  torque  equation  is  based  on  12-percent- 
thick  airfoils;  therefore,  a  factor  is  added  to  account  for  the  increased  (Iraq 
of  a  thicker  airfoil.  The  average  thickness  is  assumed  to  be  the  thickness  at 
the  radius  at  which  the  geometric  chord  is  equal  to  the  effective  weighted 
chord.  This  value  is  then  14.4  percent.  Airfoil  data  of  Reference  lb  indicate 
an  approximate  2.  3-percent  increase  in  draq  coefficient  with  each  1 -percent 
increase  in  airfoil  thickness.  Therefore,  the  profile  torque  is  increased  by 
6  percent  to  provide  an  allowance  for  increased  (Iraq  over  that  of  the  conven¬ 
tional  NACA  airfoil. 

NACA  whirl  tower  tests  presented  in  Reference  17  for  a  rotor  with  an  NACA 
0015  airfoil  are  used  to  determine  a  profile  power  correction  due  to  stall  and 
compressibility,  if  required.  These  data  are  modified  in  the  l'ollowinq  man¬ 
ner  for  the  Rotor /Winq  confiquration. 

It  is  conservatively  assumed  that  the  ilraq  rise  due  to  stall  for  the  circular 
arc  airfoil  will  occur  approximately  1  deqree  in  anqlo  of  .attack  earlier  than 
for  an  NACA  0015  airfoil.  To  account  for  this,  the  averaqe  C]  is  increased 
by  an  equivalent  of  1  deqree  when  enterinq  the  profile  power- Mach  number 
charts  of  Reference  17. 

The  rotor  of  Reference  17  had  -5.  5  doqrees  of  twist,  win  rea.s  the  CRA  Rotor/ 
Winq  is  untwisted.  Reference  18,  which  presents  w  hir  I -tower  test  data  lor 
both  a  twisted  and  an  untwisted  model  rotor  .  shows  that  at  a  constant  Mo  h  num¬ 
ber  the  anqle  for  draq  divergence  is  increased  b\  I  dec  re.  I  r  an  nutv;  t , ■ , ] 
blade  compared  with  one  with  -8  decrees  ol  twist.  Thus,  tin  t  n  >  a  : . i  ■  : 

attack  of  an  untwisted  blade  is  effectively  I  deqre.  luqher,  rattier  t  ha  tin 
expected  L  doqrees  hiqher,  for  a  blade  with  8  (ferret  t  w  i  m  t .  I  •  a;.i>l\  the 
draq -diverqence  data  of  Reference  17  to  tin  K  u  >r  \\  n  •  .  .  m f  r  t  a 

hover,  the  averaqe  lift  coefficient  is  copse  r  va  t  i  ve  1  y  tin  r>  d  ->\  .  n  ,  ,  u  ",  a 
lent  of  2-deqroe  anqle  of  attack  (l  deqree  for  l.u  l  I  t\  i  I  < i «  r<  •  t 
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account  for  the  circular  arc  airfoil),  assuming  the  blade:  lift  curve'  slope  is 
0.  1  per  degree. 


The  drag  divergence  data  of  I’l'lVri'inv  17  has  boon  replottod  in  lerms  of 
Ct  /<x  .  The  value'  of  the  factor  determined  from  this  data  is  identified 


as  C 


stall’ 


The  resulting  equation  for  profile  torque  used  for  Rotor/Wing  performance  is 


c:  =  C  ,,  (l.  0(>)  C.»  0.  0010875  -  0.  00d5Hl  CT/a 

Qa  stall  i  l  \ 

0  /  \  i 


0.  0487316 T T/«B 


WING  HOVER  TORQUE 

The  wing  torque  is  obtained  from  whirlstand  tests  e>f  the  triangle  and  trisector 
wing  with  blades  off.  The  torque  on  a  rotating  flat  plate  is  proportional  to  the 
radius  taken  to  the  fifth  power. 


C  -  C  /  Area  x  V  " 


thus : 


Area  R 


vtK 


C,  •  :  R 
QW 


A  function.  Figure  5,  which  passes  through  the  two  data  points  at  the  lest 
radius  ratio,  gives  the  Cq  for  that  wing  configuration  at  all  radius  ratios. 
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Figure  5.  Black's  -  Off  Variation  oi  lnnjiu  R  eu.n.  rod  m  lk\vr 


WHIRL-TCvVER  MODE  1.  SUBSTANTIATION  OF  1IOYEK1.V,  l-'KR  KOKMANCK 
COMPUTATIONAL  METHOD 

Data  from  whirl-tower  tests  of  models  of  a  eon  volition.  <  i  la  mi  on  r  :*  *  ■  t  ■  ■  i-  w:th 
NACA  0  0 1  A  blades,  called  herein  the  rctcrciuc  mtur.  .mo  a  Ik  Or  U  with 

circular  arc  blades  are  used  to  substantiate  the  newer  «.  .  onm :  1 ;  n mi  t  . 
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A  C i' - C q  curvf  from  tests  of  the  rde rence  rotor  is  shown  in  Figure  6.  A 
prof  i  k  power  factor  (PPF)  for  tire  model  is  determined  by  comparing  these 
t  ’st  data  w  itlr  a  similar  curve  calculated  by  the  NACA  performance  method 
(Reference  15).  The  PPF  thus  determined  is  shown  in  Figure  7,  and  is  th  • 
result  of  the  low  Reynolds  number  of  the  small-scale’  model,  since  both  the 
model  and  the  theory  have  NACA  0015  blades. 

When  the  profile  power  factor  determined  in  this  way  is  applied  to  the  hover- 
inn  computational  method  devised  for  the  Rotor /Winy  configuration  with  an 
NACA  0015  airfoil,  tire  good  agreement  between  model  Lest  data  and  Cj-Cq 
predicted  for  the  Rotor /Wins;  model  is  shown  in  Figure  9. 

The  profile  power  factor  for  the  model  tests  was  computed  using  the  method 
outlined  in  this  report  and  is  presented  in  Figure  8.  The  PPF  is  consistent 
between  Series  l  and  Series  II  whirlstnnd  tests.  At  C^p/oj  0.  08,  the  vari¬ 
ation  of  PPF,  maximum  to  minimum,  represents  ±5  percent  of  the  total  Cq. 
Thus  is  within  the  scatter  of  the  data. 

The  figure  of  merit,  M,  for  the  model  test,  and  corrected  to  full  scab1,  is 
presented  in  Figure  10.  Figure  3  in  Reference  30  presents  a  figure  of 
merit  for  a  model  test  and  full-scale  tests.  The  figure  of  merit  of  Reference 
20  shows  a  correction  to  full  scale  similar  to  that  deduced  for  the  Rotor/ Wing 
shown  in  Figure  10. 
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Figure  6.  Thrust  and  Torque  Coefficients,  Reference  Rotor 
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TORQUE  COEFFICIENT  -  Cq 

Figure  9.  Comparison,  Rotor/ Win”  Hover  Power  and  Model  Test  Data 
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Ct/<7 


Figure  10.  Rotor  /  Win, l;  Figure  of  Merit 


AIRPLANE  MODE  PERFORMANCE  -  THRUST  REQUIRED 


The  following  method  of  predicting  the  drag  of  the  Rotor/ Wing  is  based  on 
theory  and  supported  by  seven  separate  wind-tunnel  tests  of  similar  configu¬ 
rations  in  the  airplane  flight  mode.  Thi  <  method  is  appropriate  t<  me  cruise 
configuration,  where  the  Rotor/ Wing  is  locked  to  the  fuselage  With  one  blade 
forward,  seals  and  fairings  are  in  place,  and  the  landing  gear  is  retracted. 
The  following  equation  is  appropriate  for  all  speeds  betwei  n  conversion  and 
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The  first  two  terms  arc;  the  classic  parasite  and  induced  drag  terms.  The 
last  term  is  also  an  induced  drag  term  typical  of  highly  swept  or  delta-wing 
planforr ns  and  is  associated  with  the  formation  of  die  leading-edge  vortex. 

The  following  paragraphs  describe  these  terms  and  their  derivation  from  wind- 
tunnel  test  data. 


SKIN  FRICTION  AND  FORM  DRAG  COEFFICIENT 

The  total  drag  at  zero  lift  (parasite  drag)  is  the  summation  of  both  the  skin 
friction  drag  associated  with  aerodynamic  shearing  force  and  the  pressure  or 
form  drag  associated  with  normal  forces  on  the  model  surface. 


The  value  of  the  skin  friction  coefficient  depends  on  the  flow  condition  --  which 
can  be  either  laminar  or  turbulent  --  on  the  local  Reynolds  number,  and  on 
the  roughness  of  the  skin  surface.  It  has  been  assumed  that  the  boundary- 
layer  will  be  turbulent  on  a  full-scale  vehicle;  therefore,  the  small  models 
tested  had  roughness  strips  added  to  ensure  transition  from  laminar  to  turbu¬ 
lent  conditions  during  testing.  The  larger  models  are  believed  to  have  turbu¬ 
lent  boundary  layers  because  ol  their  size  and  the  turbulence  levels  in  tile 
wind  tunnels  where  they  were  tested.  Since  it  is  impossible  to  measure  pres¬ 
sure  and  friction  drag  separately,  the  assumption  is  made  that  the  skin  friction 
coefficient  is  due  to  full-turbulent  flow  at  the  Reynolds  number  appropriate  to 
the  test  conditions  and  model  component.  The  products  of  the  full -turbulent 
skin  friction  coefficient  and  the  wetted  area  of  each  component  are  added  to¬ 
gether  and  dais  summation  is  divided  by  total  wetted  area.  The  result  is  the 
weighted  skin  friction  coefficient  shown  in  the  equation  below: 
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The  remaining  parasite  drag,  between  that  measured  and  the  weighted  skin 
friction,  is  charged  to  pressure  or  form  drat;.  Form  drag  is  not  a  function 
of  Reynolds  number  or  model  scale,  but  only  of  model  shape  and  the  designer's 
skill  in  forming  smooth  contours  that  delay  separation. 

Figure  11  summarizes  this  discussion,  showing  the  total  parasite  drag  coef¬ 
ficient  for  several  models  and  test  Reynolds  numbers.  These  coefficients 
are  based  on  wetted  area,  so  the  comparison  with  skin  friction  coefficients 
can  be  made  directly.  The  shaded  symbols  represent  measured  test  data 
between  Rn  -  10^  and  lo”'.  The  open  symbols  on  the  turbulent  skin  friction 
line  from  Reference  16  represent  that  portion  of  drag  assigned  as  skin  fric¬ 
tion.  The  increment  between  the  skin  friction  line  and  the  to s t  point  is  due  to 
pressure  drag. 

The  only  drag  reduction  that  can  be  expected  between  model  and  full  scale  is 
that  associated  with  skin  friction.  As  Reynolds  number  increases  from  model 
size  to  full-size  and  velocity  increases  between  the  model  test  conditions  and 
full-scale  conditions,  the  skin  friction  drag  decreases  by  the  schedule  shown 
by  the  full  turbulent  line  on  the  figure.  Full-scale  Rotor/Wing  configurations 
will  have  skin  friction  coefficients  of  approximately  f0  percent  of  the  test 
values. 

The  apparent  wide  variations  of  profile  drag,  measured  during  the  several 
tests,  is  due  to  variations  in  configuration.  For  example,  the  high  drag  shown 
for  the  Series  XI  dynamic  model  is  due  to  that  model's  large  projected  frontal 
area.  The  rotor  control  mechanism  required  that  the  pylon  immediately  below 
the  rotor  center  be  of  outside  proportions.  Scaled  frontal  projections  of  the 
Rotor/Wing  would  be  more  like  that  indicated  by  the  Series  X  data  points.  The 
upper  of  these  two  points  represents  the  current  Rotor /Wing  configuration 
with  increased  pylon  height  for  aoequale  blade  clearance.  The  profile  drag 
increment  amounts  to  0.  00093  in  terms  of  skin  lriction  coefficient,  and  this 
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will  be  the  same  increment  full-scale.  Tims,  the  Series  X  configuration, 
extended  to  full-scale  conditions,  will  have  a  parasite  dray  of  0.  003d3.  Since 
the  full-scale  vehicle  will  have  surface  imperfections,  miscellaneous  antennas, 
and  projections  not  found  on  the  modt’i ,  the  parasite  dray  is  incremented  up¬ 
ward  15  percent.  The  Series -X  configuration  parasite  dray  would  be  0.00371 
for  full-scale  conditions. 

INDUCED  DRAG 

The  second  term  of  the  dray  equation  represents  classic  induced  dray,  depend¬ 
ent  on  the  square  of  the  lift  coefficient.  The  efficiency  factor  "e"  is  mens- 

> 

ured  from  test  data  plotted  as  Cj^  versus  Cj  *\  Fiyure  Id  shows  a  summary 
of  these  plots  from  various  Rotor/ Winy  wind-tunnel  tests.  These  curves  show 
the  typical  sharp  break  experienced  by  win  us  with  highly  swept  lead  ini’  edyes. 
This  "break",  or  nonlinearity,  is  caused  by  the  leading -edue  vortex  system 
associated  with  larye  sweep  angles  and  small  leadiny-edyb  radii  used  on  the 
Rotor/ Win  i».  The  slopes  of  the  lower  portions  of  these  curves  are  used  to 
measure  values  of  "e".  Table  II  presents  these  values  alone  with  other  pa¬ 
rameters  measured  for  each  of  the  appropriate  test  series. 

The  value  of  "e",  or  the  slope  of  the  lower  portion  of  the  Cjj  versus  Cj  “curve, 
curve,  depends  on  both  the  Reynolds  number  and  the  lift-curve  slope  to  aspect 
ratio  relationship.  Reference  dl  suyyests  the  following  equation  for  this 
relationship: 


PARASITE  DRAC  COEFFICIENT, 
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The  graph  of  "R"  (Reference  31)  plotted  against  the  leading-edge-based 
Reynolds  number  shows  a  large  amount  of  scatter  for  many  reported  tests. 
Figure  13  repeats  this  plot,  without  the  many  data  points,  and  indicates  the 
scatter  band  of  data.  The  data  points  shown  are  for  Rotor /Wing  tests  ana, 
by  themselves,  show  no  significant  trend  with  Reynolds  number;  however, 
they  do  lie  within  the  scatter  band  of  data  reported.  The  mean  line  indicates 
that  a  value  of  R  equal  to  0.  95  can  be  expected  for  a  full-scale  vehicle. 

Solving  the  above  equation  for  "c"  and  using  R  =  0.  95  and  the  Series -X  meas¬ 
ured  lift  curve  slope  and  aspect  ratio  leads  to  full-scale  "e"  valuer-  of  0.  84. 


104  105 

REYNOLDS  NUMBER,  LEADING  EDGE  RADIUS 

Figure  13.  Induced  Drag  Scaling  Parameter 
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INDUCED  DRAG  ASSOCIATED  WITH  LEADING-EDGE  VORTEX  FORMATION 

The  third  term  in  the  drag  equation  applies  to  operation  at  high  lift  coefficients, 
during  low-speed  flight,  at  angles  of  attack  beyond  the  maximum  lift-to-drag 
ratio.  This  term  accounts  for  the  induced  drag  in  the  upper  part  of  the  Cpj 
versus  Cj__^  lines.  Essentially,  this  K  value  is  empirical  and  is  used  to  adjust 
calculated  drag  polars  into  agreement  with  measured  polar s.  As  such,  no 
scale  factors  are  applied  between  model  data  and  the  extension  to  full-scale 
predicted  drag  values.  Table  II  also  lists  these  K  values. 

Figure  14  shows  the  drag  polar  computed  for  a  full-scale  vehicle  that  has  the 
Series-X  model's  geometric  characteristics.  The  maximum  lift-to-drag 
ratio  equals  1  0.  0  for  the  low-speed  polar.  Also  shown  on  this  figure  arc 
polars  for  constant  Mach  number  that  show  the  increased  drag  associated 
with  compressibility.  These  high  Mach  number  polars  are  based  on  the  data 
obtained  from  the  Series-V  transonic  tests. 

GENERAL 

Hover  performance,  or  the  rotor  power  required  to  hover,  and  airplane  drag, 
or  the  thrust  required  in  the  airplane  mode,  were  the  two  primary  areas  of 
concern  and  investigation  early  in  the  Rotor/Wing  program.  The  preceding 
discussion  establishes  the  power  requirements  for  these  two  flight  modes  at 
opposite  corners  of  the  operating  diagram,  Figure  d.  The  next  section  dis¬ 
cusses  the  power  and  thrust  requirements  along  the  transition  path  between 
these  two  extreme  operation  points. 

POWER  REQUIRED  DURING  TRANSITION 

Figure  15  presents  a  generalized  picture  of  the  power  required  for  steady, 
unaccelcrated ,  level  flight  in  transition  a  long  tin  schedule  ot  rotor  lip-speeds 
and  flight  speeds  shown  on  Figure  d.  The  vertical  scale  i.->  shown  as  t  lie 
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Figure  15.  Rotor/ Winn  Power  Management  in  Transition 
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In  hi'  1  icopte  r  operation,  ,il!  power  or  icis  I'Idv.  is  directed  to  the  rotor,  because 
thi-  ovo rboard  tlirust  requ  1  n-nu'nt  is  /.ito.  Thi'  details  of  this  rotor  - powi- r - 
required  computational  procedure  arc  discussed  in  Reference  <S.  In  summary, 
this  procedure  sums  the  measured  hlades-ott  aerodvnaiuic  tones  and  the  blade 
turces  ijiven  by  tile  NACA  performance  charts  of  Reference  id  for  advance 
ratios  a  ppr  opr  ia  Le  to  helicopter  flight.  The  charts  of  R»  I'orriu  e  i  i  are  used 
for  higher  advance  ratios  appropriate  to  autogyro  operation.  The  method  of 
usimt  these  charts  has  been  adapted  to  the  Rotor/ Wine  configuration.  Specif¬ 
ically,  the  adaptation  accounts  for  the  following: 

1.  Thi1  lift  ol  the  I'enterbodv  is  subtracted  Irom  the  tidal  lilt  pro¬ 
vided  by  the  blades 

i.  The  drait  increase  of  the  lenlerbody  with  ancle  ol  atlacs  is 
included 

3.  The  induced  power  of  the  blades  is  adjusted  for  the  larite  cutout 
of  the  center  body' 

i.  The  rotating  torque  of  the  i  eiit e r body  is  included  in  the  analysis. 

Currently,  the  blados-off  data  was  that  measured  during  the  Series -X  tests, 
Reference  10,  and  shown  in  Figure  In. 

Figure  17  presents  the  comparison  of  theory  and  Rotor/ Wine  mode)  data  in 
rota  tint; -wine  ,  forward -flight  mode.  For  helicopter  flight,  torque  coefficient 
for  theory  versus  measured  data  is  shown  and,  for  autogyro  flight,  Ihe  total 
drat;  coefficient  for  theory  versus  measured  data  is  shown.  This  future  indi¬ 
cates  that  tile  theory  is  capable  of  matidiine  measured  d.ita. 

The  a- •toe./ro  mode  is  initiated  by  diverting  power  overboard  from  the  rotor. 
This  accomplishes  the  step  reduction  in  rotor  speed  mentioned  earlier. 
Approximately  half  of  the  power  available  is  required  overboard,  and  a  small 
increment  is  required  to  the  rotor  to  help  maintain  the  rotor  speed  schedule 


•1  3 


I1TC-AD  69-  l<dA 


Figure  16.  Rlades-Off  Lift  and  Drag  Charade  r  is  tie  s 


shown  on  the  operating  diagram.  The  narrow  band  represents  power  required 
to  tlie  rotor  to  maintain  constant  rotor  speed  in  both  the  autogyro  and  conver¬ 
sion  modes.  The  power  margin,  above  the  curve,  represents  the  acceleration 
available  to  the  pilot  to  either  accelerate  the  rotor  to  proceed  to  helicopter 
operation  or  to  accelerate  the  aircraft  to  airplane  operation.  The  rigid -hand 
side  of  the  figure  represents  another  design  point  to  size  the  engine.  Here 
the  vehicle  suffers  from  the  high  induced  drag  associated  with  blach  unloading 
and  the  parasite  drag  due  to  open  fairings.  A  small  margin,  6  pi  rieiit.  is 
left  to  provide  acceleration  for  maneuver.  The  initial  airplane  medi  drag  is 
indicated  by  the  short  line  at  66  percent  power  and  shows  tile  effect  t  lower 
induced  and  parasite  drag. 
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The  tot;il  power  ucture  shows  tin-  typieal  power  bucket  that  is  expected  for 
VTOL  types  in  going  from  powered  lift  to  aerodynamic  lift.  At  the  full  design 
gross  weight,  the  ship  could  fly  on  one  engine  in  most  portions  of  the  diagram. 
Transition  to  the  helicopter  mode  could  be  made  on  one  engine  in  the  even!  oi 
s ingle- engine  failure.  Level  flight  as  a  helicopter  could  be  maintained  at 
reduced  gross  weight. 

STATIC  STABILITY  AND  CONTROL 

It  is  difficult  t<.  present  stability  and  control  information  siparate  fro  n  per¬ 
formance  data,  since  the  calculations  and  parameters  are  so  interrelated. 

For  example,  the  blade  control  anples  and  anple  of  att.icl-  for  rotor -turninp 
operation  are  obtained  as  fallout  from  the  performance  .  a  b  elation  iteration 
process  using  the  NACA  charts  mentioned  in  the  preceding  parapraphs.  The 
static  stability  deficiency  mentioned  in  the  openinp  paragraph  of  this  technical 
discussion  certainly  has  an  influence  on  the  pe rformam  e  capability  durinp 
trans  ition. 

Durinp  the  hiph- speed  testing  of  the  airplane  modi'  coiifi  purat  ion  (Series  V 
tests)  it  was  found  that  stability  was  lost  (both  iaier.il  and  <!  .'•■  ,  ll  ma!)  ai  hiph 
anples  of  attack.  The  problem  was  attributed  to  lead  in  p -edpe  vortex  forma¬ 
tion,  typical  of  confi  purations  with  larpe  sweep  anples  .ui  the  leadinp  edpe. 

The  Series -VII  tests ,  Reference  d,  tried  several  .  ws;  t.c  most  promisinp 
and  straightforward  was  to  ii  creast  the  vertical  tail  lieiplit  •. i > c !  area  to  main¬ 
tain  stability  to  a  higher  angle  of  attack.  This  :  lvoh-es  se’tinp  a  meximun  or 
limiting  angle  for  operation. 

The  maximum  angle  of  attack  was  set  at  10  deprees  lor  normal  operation,  so. 
to  provide  a  safety  marpin,  the  vertical  tail  was  si/.ed  to  provide  n.-utrn‘  (/.cm) 
directional  stability  at  &  -  Is  cieprims.  Fipure  l.s  shows  the  critual  dre,  imiial 
stability  parameter,  C]v]g  ,  for  the  current  confip  u  rat  ion.  Die  m!  n  ■’•an  eter. 
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Figure  18.  M.iximui.i  Oper;iliiu;  . \ n l’  1 1 ■  "I  All.’irk 
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C[,,  is  not  critical,  as  shown  in  the  lower  figure.  The:  data  for  both 
figures  came  directly  from  (he  Series- VII  tests. 

The  maximum  operating  angle  of  attack  (10  degrees)  is  achieved  during  con¬ 
version  (ZOO  knots,  1.0  u  co ) ,  as  shown  in  Figure  19.  The  critical  point  is 
the  upper  right-hand  corner,  where  the'  rotor  has  just  stopped  and  the  blade's 
are  still  unloaded.  As  the  blade-s  are  feathered  and  begin  to  sustain  aircraft 
weight,  the  angle  of  attack  can  be  lowered.  The  re'St  of  the  ~  schedule1  is  well 
removed  from  the  critical  area;  helicopter  flight  is  cha racte- rizcwl  by  the1  typi¬ 
cal  nose-down  attitude.  The  large  increase  in  between!  bed  i  o.jplc  r  and  auto¬ 
gyro  operation  compensates  for  the  decrease  in  rotor  speed  memtioned 
previously. 

Figure  Z0  is  a  plot  ol  the  percentage  of  aircraft  weight  supported  by  the  wing 
and  by  the  blades.  In  the  helicopter  regime1,  the1  blades  must  supply  more 
than  1-g  lift,  because  of  the  download  on  the  wing.  Even  at  the1  extreme1  nose‘- 
down  attitude  of  helicopter  operation,  ct  -  5  de-grees,  tile  wing  contributes 

only  approximately  4  percent  download  because  of  the  low  dynamic  prewssure 
at  40  knots. 

The  wing  and  blades  exchange  role's  during  the1  autogyro  mode1.  The  wing  is 
completely  loaded,  so  that  the  oscillating  lejads  associated  with  blade-  lift  <  an 
be  minimized. 

CONTROL  ANGLES  IN  TRANSITION 

The  blade  control  angles  are  shown  on  Figure  Zl.  Collective  nitch  reaches 
its  peak  in  hover  and  follows  a  dec re-a si r.g  schedule  that  m  required  {<>  main 
tain  rotor  speed  and  1-g  lift  in  conjunction  with  the  angle  >  > :  a  t  ta»  ;  -hown  m  a 
previous  figure.  Similarly,  the1  two  cyclic  ancles  lolh>w  .•  lu.v,r  ,  In  mile  to 
the1  advance  ratio  of  1.0.  Here,  both  collective  and  Aj-ex.lo  i > 1 1 •  ! i  . i  r <  inef¬ 
fective  and  set  to  zero.  The  R] -cyclic  is  effec  ti\e  in  redne  me  ••-per  r<  \ 
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pitch  and  roll  moment  at  the;  rotor  center,  if  raised  to  approximately  Id  de¬ 
crees  as  shown  and  as  discussed  later. 

GENERAL 

Just  as  stability  and  control  parameters  affect  aerodynamic  performance  con¬ 
siderations,  aerodynamic  loads  and  structural  characteristics  also  have  con¬ 
siderable  influence  on  performance,  stability,  control,  and  flying  (jualities. 
The  operating  diagram,  shown  in  Figure  J ,  is  the  result  of  all  these  consid¬ 
erations.  Only  the  loads  imposed  on  the  Rotor / \V inn  itself  .ire  consult  red  in 
the  following  discussion;  tail  loads,  I  and  inn  gear  loads,  fuselage  loads,  and 
so  forth,  are  not  discussed.  The  slctch  of  Figure  Jd  shows  the  orientation 
and  relative  location  of  the  various  loads  discussed,  which  fall  into  the  tv.  u 
broad  categories  of  static  or  steady  loads  and  cyclic  or  osiillalory  loads.  The 
subdivision  used  in  this  discussion  groups  the  loads  that  m  itir  :t  tee  pylon  or 
rotor  shaft  together,  to  be  discussed  first,  and  the  loads  that  muir  at  the 
blade-root  wing-tip  junction  are  discussed  second. 

PYLON  AND  ROTOR  SHAFT  LOADS 

One  problem  discovered  early  in  the  Rotor/Wing  testing  pr  > ■  ■  r . 1 1 1 ,  was  a  mo- 
ciated  with  the  location  of  the  lift  vector  with  respect  to  tin  rotor  center.  On 
the  triangle  -  shaped  centerbody,  the  lift  vn  lor  follows  an  elliptical  path  that 
is  located  somewhat  forward  of  the  center  of  rotation.  Not  on!\  does  the  lift 
vector  follow'  an  elliptical  path  three  times  pel  rotor  revolution,  nut  the  length 
of  tlie  vector  varies  in  the  same  cyclic  manner.  This  loading  s  >. -ten  .  an  he 
resolved  into  two  moments  at  the  rotor  ci  liter,  plus  hit.  .-adi  1-u-ii  .  and  drag' 
ve  ctor  s  .  One  of  the  moments  i  s  a  or.o'-inT-ri  v  ml.iling  man  bowl  1 1  i  \  i  >e 
of  loading.  It  is  equal  to  the  moment  caused  b\  tin  lilt  vn  tor  |o,  .  r .  o  .,t  tin 

center  of  the  elliptical  path,  with  tin-  rotor  turning  beneath  1 1 .  Tim . hi  does 

not  affect  the  motion  of  t  lie  a  i  r  i  ra  ft ,  1  u  a  a  u  st  ■  i  I  i  a  .  ■  st  <  .  ai  \  i ..  r.  ,  ■  i  >  .  ■  i  i :  1 
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the  tail.  It  causes  only  a  l-per-rev  cy.  lie  moment  in  the  rotor  shaft,  which 
affects  endurance  loading  limits. 

One  purpose  of  the  Series-X  tests  was  to  introdue  -  a  cambered  ceiiterbody  tha 
would  move  the  center  of  the  elliptical  path  rearward,  closer  to  the  rotor 
center,  and  reduce  this  type  of  loading  on  the  rotor  axis.  However,  the  opti¬ 
mum  flap  arrangement  tested,  which  simulates  camber,  did  not  completely 
eliminate  this  type  of  load.  The  flap  arrangement  was  such  that  onl^  collec¬ 
tive  flap  deflection  was  invosti pated;  that  is,  all  three  flaps  on  the  wine  educs 
were  deflected  equally,  without  respect  to  rotor  azimuth  position.  It  is  pos¬ 
sible  that  cyclic  variation  of  flap  deflection  warn  I  cl  shift  the  center  of  pressure 
aft  to  the  rotor  center. 

In  a  practical  design  sense,  the  cyclic  flap  mechanism  would  he  similar  to  a 
helicopter  swashplatc,  and  the  structural  benefits  of  reduced  loading  must  be 
evaluated  against  the  increased  weight  and  complexity  of  this  mechanism. 

The  same  is  true  of  collective  flap  deflection  as  tested.  The  benefits  of  Un¬ 
reduced  structural  loading  must  be  evaluated  against  the  additional  weight  and 
complexity  of  the  flap  system.  Preliminary  analysis  indicates  that  the  weight 
of  a  flap  system  will  be  greater  than  any  structural  weight  savme  aic  rued 
through  reduced  loadings  of  the  rotor  mounting  structure,  relative  to  ..  wine 
with  fixed  camber. 

The  second  loading  type  that  occurs  at  the  r<  tor  axis  is  the  -»  illotorv  . 

ments,  which  are  primarily  at  the  3-per-rcv  frequency  in  the  stuiio.-miw  refer 
ence  system.  These  art  the  "hiulu-r  order  terms  ’  of  the  series  expansion, 
resolved  into  the  stationary  pitch  and  roll  axis  system.  As  an  a-d  to  visuali/ 
injn  these  loads,  consider  a  circular  ccntc-rbody  without  blades.  The  I  -pi  v- 
rev  rotating  beam  bendine  load  would  be  present  on  the  ruler  sh.tlt,  but  .1! 
higher  order  terms  w-ould  be-  absent.  When  the  icnterbody  shape  is  made 
triangular,  the  l-per-rev  is  still  present  (/.ero-per  rev  m  the  stul  u  >n.i  rv 
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system),  with  a  3-per-rev  moment  superimposed.  Similarly,  a  square 
rente rbody  will  introduce  a  1-pei  -rev  moment  in  tile  stationary  system. 

These  loads  will  introduee  motion  into  Ihe  aircraft,  if  they  are  not  compen¬ 
sated  in  some  way.  Of  course,  addiny  blades  to  the  circular  cento  rbody  will 
also  introduce  these  cyclic  moments.  The  introduction  of  blade'  cyclic  pitch, 

1 1 1  ,  is  effective  m  reducing  both  the  3-per-rev  pitch  and  the  3-per-rev  roll 
oscillations.  However,  while  either  of  these  modes  may  be  made  zero  by 
proper  choice  of  Bj  with  anyle  of  attack,  both  modes  cannot  be  zero  together. 

A  compromise  schedule  of  Rj  with  ^  has  been  made  to  minimize  both  modes 
in  the  ratio  of  10  to  i.  The  resulting  pitch  moment  is  10  times  the  roll  mo¬ 
ment;  the  10-to-l  ratio  is  based  on  the  aircraft's  relative  inertias  about  the 
pitch  and  roll  axes.  The  compromise  schedule  results  in  near  zero  roll  mo¬ 
ment  oscillation  and  minimum  pitch  moment  oscillation  when  compared  with 
the  Bl  0  case. 

These  moments  are  compared  on  Figure  33,  where  the  data  are  from  Figures 
3(>,  37,  and  31  of  Reference  10.  These  data  represent  a  flaps -on  case,  no 
tail  on  the  model,  and  therefore  are  not  truly  representative.  However,  the 
la  rite  reduction  in  cyclic  moments  at  the  rotor  shaft  due  to  application  of  Rj 
cyclic  pitch  is  apparent. 

In  effect,  3j-cyclic  pitch,  when  used  to  minimize  cyclic  shaft  loads,  is  un¬ 
loading  the  blades  when  they  are  in  the  lateral  quadrants  of  the  rotor  disc. 
Positive  Bj  causes  a  nose-down  pitch  change  with  respect  to  the  relative  wind, 
thus  the  blades  are  unloaded  or  possibly  down  loaded.  As  a  result,  mean  or 
average  lift  is  reduced,  and  to  maintain  1-y  lift,  the  anyle  of  attack  must  be 
increased.  Figure  34  presents  the  comparison  of  mean  lift  from  the  Series-X 
test  case,  where  all  control  anyles  are  zero,  with  the  case  where  Bj-cyclic 
pitch  follows  the  anyle  of  attack  schedule  presented  on  Fiyure  30,  Relerence 


I J  TO  AD  69-1ZA 


In  addition  to  the  reduced  lift,  the  mean  lift- to- cl  ra  n  ratio  is  reduced  as  a  re¬ 
sult  of  B|  unloading  the  blades.  The  maximum  I.q/Dq  for  /.ero  eye: lie  pitch 
is  4.  80  for  .he  configurations  as  tested.  This  is  reduced  to  j.  1  as  shown  in 
Figure  Z4.  Both  of  these  values  will  he  reduced  slightly  for  the  tail-oil 
trimmed  condition  where  a  tail-up  load  is  required  to  balance  the  static  nose- 
up  pitching  moment  of  the  Rotor/ Wine  and  fuselage  beyond  -  1  decrees. 

This  Lq/Dq  reduction,  due  to  blade  unloading,  is  si  yni  fi  cant  in  that  the  in¬ 
stalled  power  must  bo  increased  to  match  this  increased  drac  and  maintain  an 
adequate  power  margin  durimt  the  conversion  maneuver.  This  is  the  situation 
that  causes  the  increased  thrust  required  level  at  infinite  advance  ratio  shown 
on  Figure  15. 

The  dynamic  model  incorporated  an  adjustably  flexible  pylon  support.  This 
feature  provides  a  very  soft  pylon  (up  to  a  limited  amplitude  approximately 
3  decrees)  to  minimize  rotor  vibrat’ons  duriny  forward  flight  at  Inch  and 
intermediate  rotor  speeds,  and  a  stiff  pylon  to  provide  the  structural  stability 
required  at  the  lower  end  of  the  rotor  speed  ranee  during  conversion.  The 
purpose  of  pylon  flexibility  is  to  reduce  the  oscillatory  pylon  loads  when  R|- 
cyclic  pitch  cannot  be  used  because  it  introdiu  es  a  steady  control  moment  at 
hiyh  rotor  speeds. 

BLADE  ROOT- W  INF.  TIP  LOADS 

Design  of  the  blades,  cenlorbody,  hub,  and  pylon  nmipunriit.-  is  primarily 
determined  by  oscillating  (faliyue)  load  levels.  whit  b.  m  turn,  depend  on  tin 
structural  characteristics  of  the  load - ca r ry iny  m<  mini's.  These  dyi.ait  n 
loads,  at  the  blade-root,  were  estimated  at  the  turn  of  tin  C.RA  pin  iin.:i.ar\ 
desiyn  effort,  Riderence  1.  These  estimates  u  i  re  based  on  limited  tei  hnobu.’N 
with  respect  to  the  Rotor/Winy  configuration  and  on  Iluehi  >  xleiieii  <  \ju  ri 
ence  in  the  rotary-winy  field.  These  loads  were  believed  )■  1  m  r <  . .  i  .  t,.  at 
that  time. 


nS 


1-ITC-AD  69- IdA 


In  urdi  r  t k »  vc  ri l\  In, ids  that  could  In1  applied  to  a  full-scale  design,  it  was 
oms  ide  red  ttiwessary  In  establish  a  dynamic  model  design  that  would  be  suf- 
iieicntlv  clear  id  resonance  willi  integer  multiples  of  rotor  speed  in  the  design 
operating  ranee  and  that  would  hi'  free  .if  mechanic;)  I  or  no  roe  Ins  tic  instabilities. 
An  unalytii  i!  pro*; ram  w.i  therefore  insticated  to  establish  an  optimum  con- 
lieu  rat  i  on ,  from  a  dynamic  standpoint,  so  that  resonance  and  instability  could 
be  avoided  with  the  minimum  expenditure  of  weieht.  An  effort  was  made  to 
tailor  the  dynamic  model  to  meet  these  p  r  e  e  s  t  a  b  I  i  s  heel  design  parameters.  In 
order  to  lower  the  first  collective  flapwise  frequency  to  approximately  J.  -  per  - 
rev  at  100  percent  rpm  ,  it  was  necessary  to  incorporate  a  joint  flexible  in  the 
flapwise  direction  at  the  blade  mol  -w  inn  t.p  juncture.  This  flexible  joint  was 
designed  to  incorporate  coil  spriifi.es  between  the  one  end  of  the  blade  torque 
tube  and  the  wine  structure,  with  chordwisi  support  provided  by  a  slider 
closely  fitted  to  a  bolt  concentric  with  the  coil  springs.  When  this  design  was 
tested,  it  was  found  that  the  frictional  forces  on  the  sliders  could  not  be  re¬ 
duced  to  acceptable  values,  and  no  time  was  available  to  attempt  a  new  desiyn. 
Figure  da  shows  the  resonance  cha  raclv  rustics  ol  the  tested  con  l  i  a  u  ra  t  i  on  rel¬ 
ative  to  the  harmonb  exciting  frequencies.  The  proximity  of  the  first  cyclic 
mode  chonlwi.se  froyiriicy  to  !-per-rev  and  o|  the  first  (olleetive  llapwise 
mode  frequency  to  3-per-rev  is  evident  a'  the  design  rotor  s|ieed.  As  a  re¬ 
sult.  some  limitations  on  the  operating  ranee  ol  this  model  were  imposed, 
and  the  loads  obtained  included  an  unrealistically  Inch  dynamic  a  mp  I  i  I  i  ra  t  i  on 
factor,  so  th.  I  a  correction  of  these  measured  loads  is  necessary  belore  they 
can  lie  applied  to  a  well  designed  aircraft. 

dynamic;  loads  ana  lysis 

Without  analytical  or  theoretical  Verification,  I  be  measured  model  loads  are 
translated  into  lull  scale  loads  by  the  to  I  low  ine  process. 
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A  computer  propram  was  used  to  calculate  the  structural  response  to  an 
oscillation  unit  load  applied  at  the  3/4  rotor  radius.  The  frequency  of  applied 
load  was  !  ,  3,  3,  and  4  times  rotor  speed  for  the  test  data  point  being  con¬ 
sidered.  The  program  considered  the  response  of  a  full-scale  type  structure 
and  the  response  of  the  dynamic  model  structure-.  The  ratio  between  these 
structural  responses  --  that  is,  the  full-scale  type  structure  to  the  dynamic 
model  type  structure  --  has  been  called  a  response  ratio. 

The  product  of  response-ratio  and  model  harmonic  moment  is  the  harmonic 
moment  that  would  be  obtained  on  a  model  with  full- sea ie  structural  charac¬ 
teristics.  When  these  products  are  added  vectorially,  they  represent  the 
overall  model  moments  that  would  be  measured  in  the  wind  tunnel  if  the-  model 
had  the  proper  full-scale  structural  characteristics.  Table  III  shows  the 
response  ratio  for  each  of  the  data  point  harmonics  measured.  The  lower 
right  shows  the  vector  summation  of  these  ratios  to  present  an  overall  com¬ 
parison  between  model  characteristics  and  full-scale  characteristics. 

Since  the-  model  tost  data  points  were  not  obtained  at  the  "scaled"  operating 
diagram,  a  small  adjustment,  usually  ttpwird,  must  be  made  to  the  moments 
on  the  basis  of  vc  locity  squared.  The  final  adjustment  to  the  data  is  made  by 
multiplying  by  the  moment  scale  factor,  which  is  the  linear  factor,  to  the 
fourth  power. 

Figures  30,  37,  and  38  show  the  overall  blade  root  moments  measured  during 
tin-  Series -XI  tests  and  the  four  harmonic  components  extracted  from  the 
data.  Fach  of  these  plots,  representing  blade- root  flapwise,  chordwise,  and 
feathering  moments,  i  .->  shown  against  advance  ratio.  The  left-hand  side, 
up  to  an  udvano-  ratio  of  0.  33,  represents  the  helicopter  mode  of  mu-ration. 
The  middh  of  each  plot,  bet"  -eii  .id  va  nee  -  rat  i  os  of  0.33  and  1.0,  represents 
111-  mtogvro  regime.  These  curves  are  not  continuous,  because  of  the  lack 
of  test  (lata  between  _  0.  3 ">  and  ,  0.  60.  The  right-hand  side  represents 

conversion  at  300  k  not  s  ,  b>  1 1  owi  leg  t  lie  fu  1 1  -  s  i  a  1  e  ope  ra  ting  d  ia  g  ra  m  o  f  Figu  re  3. 
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Table  III.  Series  XI  Dynamic  Model  Structural  Response  Ratio 
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.73  1.02  2.09  3.35 

ADVANCE  RATIO 

Figure  d8.  Blade-Root  Cyclic  Feathering  Moment 

shows  the  blade's  feathering  moment  to  be  d.  75  times  the  expected  level. 
Since  these  levels  are  so  much  larger  than  the  anticipated  moments,  every 
effort  has  been  made  to  verify  the  test  results.  Flap  bending  nt|j  -  x  was 
checked  with  another  test,  Series  X,  performed  earlier,  and  it  verified  the 
dynamic  model  data.  The  data  measured  on  a  different  blade  (Series  XI)  was 
investigated  and  revealed  a  similar  moment  level. 

A  comparison  of  blade  bonding  data  from  the  Series- IX  tests  at  an  advance 
ratio  of  0.  d5  shows  some  interesting  discrepancies.  The  flapwise  oscillating 
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moment  measured  during  Series  XI  is  approximately  1-1/3  times  the  value 
measured  earlier.  The  earlier  tests  showed  considerable  scatter,  but  the 
majority  of  data  points  how  levels  around  ±60  inch  per  pound  atp  -  0.  35. 

Chordwisc  bending  shows  an  opposite  situation.  The  earlier  tests  showed 
chordwise  bending  moments  of  3  times  the  values  measured  during  the  Series- 
XI  tests.  To  further  confuse  the  issue,  the  two  tests  agree  very  well  with 
respect  to  the  torsional  moment  or  blade  feathering.  Thus,  of  the  three  com¬ 
ponents  of  blade-root  bending,  the  ratios  of  agreement  are  1.  5,  0.  33,  and 
1.  0  between  two  tests  of  very  similar  models  in  the  same  tunnel  under  close 
operational  coiiditions. 

At  this  stage,  there  is  no  theoretical  procedure  that  will  predict  these  moment 

n 

levels  accurately,  and  we  must  rely  on  test  information  and  results  to  design 
blade  structural  elements,  but  there  seems  to  be  a  credibility  gap  with  respect 
to  the  test  data.  For  example,  the  decreasing  3-per-rcv  component  of  flap- 
wise  bending  in  the  helicopter  mode  (0.  16<-'_  '().  Z 5 1  shnwn  on  Figure  36  is  dif¬ 
ficult  to  believe,  especially  since  the  other  harmonics  are  increasing. 

Clearly,  the  question  of  valid  test  data  must  be  resolved  by  a  systematic 
investigation  of  analysis  and  further  testing. 
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CONCLUSIONS  AND  RECOMMENDATIONS 

The  primary  area  of  concern  is  now  the  oscillating  or  cyclic  loads  imposed  on 
the  Rotor/ Winy  during  the  middle  region  of  transition  from  hover  to  the 
stopped  -  rotor  airplane  mode.  There  is  no  analytical  procedure  currently 
available  that  will  predict  the  load  levels  measured  during  the  last  series  of 
wind-tunnel  tests.  These  load  levels  arc  not  consistent  with  an  earlier  test, 
Series  IX,  yet  indications  arc  that  these  measured  moments  are  correct. 

The  schedule  of  cyclic  pitch  and  angle  of  attack  developed  for  the  infinite 
advance  ratio  situation  was  used  approximately  during  the  high-advance- ratio 
portions  of  the  dynamic -model  tests.  This  schedule  appeared  to  minimize 
loads  at  the  rotor  center,  but  it  is  now  thought  that  this  schedule  may  actually 
increase  the  moments  at  the  blade  root. 

The  high  cyclic  loads  represent  a  potential  problem  area  that  occurs  in  a 
flight  region  where  the  flow  field  and  structural  dynamic  interactions  are 
extremely  complex.  It  appears  that  analytical  techniques  alone  are  not  suf¬ 
ficient  to  arrive  at  a  solution. 

Stability,  control,  and  performance  are  secondary  areas  of  concern.  Aero¬ 
dynamic  performance  in  the  airplane  mode  can  be  improved  with  the  existing 
Rotor /Wing  planform  shape.  Tests  of  the  static  rotor  ir  various  azimuths 
show  that  drag  is  substantially  reduced  if  one  blade  faces  aft  instead  of  for¬ 
ward  in  the  airplane  configuration.  The  blade -aft  rotor  position  allows  an 
aerodynamically  cleaner  pylon  design,  plus  it  allows  a  shorter  forward  fuse¬ 
lage,  resulting  in  an  empty  weight  saving. 
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A  cir  cuJ.ar  -  centerbody  planform  will  minimise  the  3-per-rev  shaft  loads 
introduced  by  the  triangle  centerbody  tested.  The  circular  shape  will  also 
present  more  planform  area  for  vehicle  support  during  transition.  In  addi¬ 
tion,  this  shape  has  slightly  better  hover  performance. 


It  is  recommended  that  a  general  program  of  testing  and  analysis  be  conducted 
in  the  flight  region  where  high  blade.'  loads  have  been  measured  so  that  the 
techniques  required  for  load  prediction  can  be  developed. 
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